Abstract-Nanoscale vibration, a critical nanomechanical property of cell membranes/walls, is a crucial aspect of cell physiology. However, limitations of current nanoscale vibration detecting methods remain the major obstacle for scientific study and cell vibration experiments. Due to the absence of effective method of feeble nanoscale vibration detecting, most sorts of quantitative and dynamic cell vibrations cannot be observed. Therefore, a real-time tracking detection method is vital for the study of cell physiology. In this paper, a real-time tracking detection of nanoscale vibrations based on sweep frequency (SF) -amplitude modulation (AM) method using cantilever sweep frequency as a carrier frequency was proposed. Furthermore, the process of tip-sample vibration coupling is analyzed by using the idea of amplitude modulation model. The nanoscle vibration detecting experiments were carried out on a piezoceramic disc, which can mimic cell vibrations. The experiment results show that the SF-AM AFM real-time vibration tracking and detecting approach can accurately detect and track feeble sample vibration within few nanometers amplitude.
I. INTRODUCTION
Nanomechanical properties, considered as novel biomarkers, play a significant role in many important biological processes such as metastatic potential, signaling pathways, and viability [1] [2] [3] [4] [5] [6] . Nanoscale vibration, as a critical nanomechanical property of cell membranes/walls, is a crucial aspect of cell physiology [7] [8] [9] . Also, the nano-vibration, as an extracellular physical feature, could affect cell adhesion ability and change cell shape remarkably [10] .
The high spatial resolution of the AFM, coupled to its capability to operate in fluid, makes itself an ideal tool to study the mechanical properties and vibrations of living cellular and biological systems. With its high sensitivity of motion and force, the AFM cantilever can be used to measure nanoscale vibrations of cell [11] . Atomic force microscopy has been used to measure the mechanical beating of cardiomyocytes [4] , the oscillations of Escherichia coli [12] , as well as the cell membrane fluctuations of fibroblasts [2, 3] and human embryo kidney cells [5] . Besides, the nanoscale membrane fluctuations of living lymphoma cells can be correlated with cellular activity, physiology, and metastatic potential [13] . In recent works, the different sorts of cells and different state of L. Liu is the corresponding author.
cell can be distinguished by AFM method according to different cell vibration [7, 9] . Furthermore, AFM method can be used in the study of surface oscillations of living insects, from several Hz to sevral kHz frequency range, with subnanometer lever amplitudes [14, 15] . Combine with fluorescence microscopy, AFM method can also characterize bacteria vibrations [16] . The measurement and interpretation of cellular nanomechanics and local membrane motion can often be quite complex. Moreover, the nanoscopic vibrations of cell will be different in different conditions [17] . However, the former studies about cell vibrations provide an access to a new aspect of cellular physiology at nanoscale.
The limitations of traditional AFM detection method hinder the development and application of nanoscale cell vibration detection by AFM. First of all, cell vibrations are too feeble to detect for traditional AFM method. So the ultra-low noise experimental environment is principal [8] , and it is an obstacle for regular study and experiment. Although AFM cantilever can amplify weak vibration with its resonant feature, it fails to amplify cell vibration which is not at its resonant frequency. On the other hand, in order to get high sensitivity, the cantilever with very low spring constant must be used to detect feeble cell vibration. As a consequence, cell vibration signal is submerged in noise and disturbance of environment [11] . Traditional AFM method just acquires a period of time domain signal contains noise and disturbance of environment [7] [8] [9] . It is hard to extract and obtain the cell vibration parameters from this complex signal because different cells and environment lead to different vibrations. Furthermore, cell is a dynamic organism and its vibration is changing according to internal activities and responding external stimulus. Finally, theoretical analyses show that cell vibration is very complex and has a wild frequency range [18, 19] . Without effective method of feeble nanoscale vibration detecting, the quantitative and dynamic observation of most sort of cell vibration is still absence. There is still lacking a method which has the ability of real-time tracking detection of cell vibration [7] . Therefore, an AFM based real-time tracking detection method is vital for study cell physiology.
In this paper, we proposed a real-time tracking detection of nanoscale vibrations based on sweep frequency (SF) -amplitude modulation (AM) method using cantilever sweep frequency as a carrier frequency. SF-AM method has a "frequency shift" property, which can shift cell vibration frequency to cantilever resonant frequency. This property makes it possible that AFM cantilever can amplify a vibration with un-resonant frequency. Using contact resonance frequency as reference frequency of Lock-in amplifier, this method can filter background noise and disturbance of environment. We can obtain the vibration frequency and amplitude, based on the amplitude modulation AM model 
II. SF-AM AFM MODEL
In order to gain some insight into the AM process of tip and surface vibration, the cantilever-tip system can be considered as a point-mass spring system, then the tip motion could be approximately described by a nonlinear, second-order differential equation [20] [21] [22] :
where F 0 and ω t are the amplitude and angular frequency of the driving force at the base of AFM probe when the cantilever is free from sample surface. From (1), the tip motion of a forced harmonic oscillator with damping can be obtained:
We assume that the sample surface motion can be expressed as:
where A s , ωs and φ s are the amplitude, angular frequency and phase of sample vibration, and ω t is larger than ω s . When tip coming into contact with vibrating sample surface, the tip vibration is modulated with sample vibration by linear tip-sample interaction: 
From (4) is shifted with ω t . As Fig.1 shows, although the feeble sample vibration frequency is far away from resonant frequency of AFM cantilever and the resonance effect of cantilever cannot amplify the sample vibration, by using this "frequency shift" property of AM method we can shift either ω t + ω s or ω t − ω s to the cantilever resonant frequency to amplify the feeble vibration signal. In this way, we can amplify and detect weak sample vibration in big background noise. Fig. 2 shows a schematic diagram of the experimental setup for SF-AM AFM real-time tracking detection of nanoscale vibrations.
III. SYSTEM IMPLEMENTATION
As Fig. 3 shows that the experiments are performed with a Dimension 3100 AFM (Veeco Inc., Santa Barbara, USA) in conjunction with a Nanoscope IIIa controller (Digital Instruments, Santa Barbara, USA). A soft probe (MLCT-D, Bruker Inc.) with a normal spring constant of 0.03 N/m is used for vibration detection. A Signal Access Module (Digital Instruments, Santa Barbara, USA) is used to obtain cantilever deflection data for studying the normal force and cantilever movement during the detecting process. A digital oscilloscope (GWINSTEK GDS-2208) is used for acquiring the cantilever vibration signals. A function generator (Tektronix AFG The cantilever deflection shows that the soft probe with low signal-noise ratio cannot distuishe sample vibrations from noise directly.
3022B) is used as a drive signal for the piezoceramic disc to mimic feeble cell vibration. A Lock-In Amplifier (Stanford Research, SR830) is used for detecting cantilever vibration signal with specific frequency component. We use soft AFM probe to detect feeble nanoscale vibrations which are mimicked by piezoceramic disc. A sweep frequency vibration, as the carrier vibration signal, is driven by the cantilever piezo at the probe base. These two vibration signals are modulated by tip-sample interaction, and be detected by the laser reflected from the back of cantilever. When the frequency component, ω t + ω s or ω t − ω s , is equals to the contact resonant frequency, the mimic cell vibration signal will be amplified by AFM cantilever and detected by Lock-In Amplifier. After a simple real-time signal process, the mimic cell vibration frequency and amplitude can be obtained.
IV. EXPERIMENT RESULTS AND ANALYSIS
The SF-AM AFM real-time tracking detection experiments are performed on a piezoceramic disc which can mimic feeble cell vibrations in air condition. For detecting nano-vibration using AFM micro cantilever, air and liquid environment only result in the resonance amplitude damp and frequency shift slightly [23] [24] [25] . Therefore, although living cells were often cultured in aqueous environment, it is reliable for verifying our nano-vibration detecting method by using AFM micro cantilever in air. By using AFM, current results of bacteria vibration show that the cell wall is vibrating with the amplitude of several nanometers [7] and the frequency of ~1kHz [8] . So we drive the piezoceramic disc with the vibration signal of 2nm and several kHz range. Fig.4 shows the piezoceramic disc vibration with amplitude about 2nm driven by a voltage with 65 kHz and 1 Vpp. By using a "hard" AFM probe (TESP) with a normal spring constant of 42 N/m. It shows that the piezoceramic disc vibration can mimic cell feeble vibration. We can easily obtain the nano-vibration of sample in the common experimental environment because "hard" cantilever with high spring constant has a good noise-signal ratio. However, "hard" probes will damage soft cells and they are insensitive to the cell vibration with very small force, due to the high spring constant. Therefore, in the application of cell vibration detection, soft probe must be used to protect cell membrane from sharp tip and ensure the sensitivity of the vibrations with very small forces. However, probes with low spring constant have a very high sensitivity to both cell vibration and noise. AFM probe, as a micro cantilever, is a nature oscillator which has its resonant frequency. When driven frequency equals to the resonant frequency, the cantilever can amplify the vibration. In order to using resonant property of AFM probe for amplifying feeble vibration, the contact resonant frequency must be obtained by contact tune method. Fig. 6 shows the free tune curve and contact tune curve of MLCT-D probe. We can obtain that the contact resonant frequency is 60.345 kHz. The contact resonant frequency will change with different experimental parameters, so it is necessary to contact tune the cantilever before every experiments. This resonant frequency is also set as reference frequency of lock-in amplifier. Fig. 7 shows the force curve of MLCT-D probe. We choose the set-point value as 2 V which in the linear region so that the coupling vibration of cantilever and sample is linearity. Fig. 8 shows the lock-in amplitude and sweep frequency curves with and without sample vibration. The reference frequency is, 32 kHz, the contact resonance frequency of probe. The frequency spectrum without sample vibration shows that there are about five peaks in the frequency range of 0 kHz to 100 kHz. The contact resonant frequency and the reference frequency are both 32 kHz, so the frequency of first and highest peak in both with and without sample vibration is 32 kHz. Without sample vibration, the last four peaks appear in the spectrum ranging from 55 kHz to 78 kHz. After adding the sample vibration, the two peaks in the left have been strengthened and the two peaks in the right have been weakened. These changes of peaks may be caused by the coupling of cantilever-sample resonance and the sample vibration. However the principles of these changes remain for further study. So, only the sample vibration frequency in the non-resonance area of the spectrum curves which without sample vibration, we can have the effective new peak of coupling vibration. Comparing these two frequency spectrums, we can easily find that there is a new peak at the frequency of 81.553 kHz in the spectrum curve when adding the sample vibration with the driving signal of 50 kHz and 1 Vpp. We can calculate the sample vibration frequency ω s = 81.553−32 = 49.553 kHz, which consistent with driving frequency. Fig. 9 shows the different conditions using the equations of ω 0 = ω t + ω s and ω 0 = ω t − ω s to calculate sample vibrations frequency. When sample vibrating frequency and amplitude are 18 kHz and 1 Vpp, the amplitude peak shows at the frequency 41.110 kHz which is lower than resonant frequency 59.300 kHz as Fig. 9 (a) shows, therefore we use equation ω 0 = ω t + ω s to calculate sample vibration frequency which is 59.300 kHz − 41.110 kHz = 18.19 kHz. The detected frequency is consistent with driving frequency. Fig. 9 (b) shows the sample vibrating at 35 kHz, 1 Vpp. The amplitude peak shows at the frequency 93.935 kHz which is higher than resonant frequency 59.300 kHz, therefore we use equation ω 0 = ω t − ω s to calculate sample vibration frequency which is 93.935 kHz − 59.300 kHz = 34.635 kHz. The detected frequency is consistent with driving frequency.
By using real-time signal process program, we transform the frequency axis of sweeping frequency spectrum from tip vibration frequency to sample vibration frequency. In this way, we can obtain the peak frequency as sample vibration frequency directly. Fig. 10 shows the real-time tracking detection ability of sample vibration. The vibration frequency of piezoceramic disc is changing from 25 kHz to 35 kHz, and can be tracked in real-time. The x-axis (frequency-axis) of Fig.  10 can be read as detected frequency directly by subtracting resonant frequency from sweep frequency.
V. CONCLUSION
In summary, the process of tip-sample vibration coupling is analyzed by using the idea of amplitude modulation model. The mathematical model is established to explain the SF-AM AFM Real-time tracking detection. The experiment shows that the SF-AM AFM Real-time vibration tracking detection approach can accurately detect and track feeble sample vibration with few nanometers amplitude by providing a sweep frequency on the cantilever piezo. The experimental data verify the feasibility of the SF-AM AFM Real-time vibration tracking detection method and the accuracy of our analysis and model. The further application of this approach is vibration detection of living cells. This feeble vibration detecting method provides a novel way to achieve nanoscle vibration detecting and tracking and plays a pivotal role in the study of cell physiology.
